Salmonella enterica serotypes Derby, Mbandaka, Montevideo, Livingstone, and Senftenberg were among the 10 most prevalent serotypes isolated from farm animals in England and Wales in 1999. These serotypes are of potential zoonotic relevance; however, there is currently no "gold standard" fingerprinting method for them. A collection of isolates representing the former serotypes and serotype Gold Coast were analyzed using plasmid profiling, pulsed-field gel electrophoresis (PFGE), and ribotyping. The success of the molecular methods in identifying DNA polymorphisms was different for each serotype. Plasmid profiling was particularly useful for serotype Derby isolates, and it also provided a good level of discrimination for serotype Senftenberg. For most serotypes, we observed a number of nontypeable plasmid-free strains, which represents a limitation of this technique. Fingerprinting of genomic DNA by ribotyping and PFGE produced a significant variation in results, depending on the serotype of the strain. Both PstI/SphI ribotyping and XbaI-PFGE provided a similar degree of strain differentiation for serotype Derby and serotype Senftenberg, only marginally lower than that achieved by plasmid profiling. Ribotyping was less sensitive than PFGE when applied to serotype Mbandaka or serotype Montevideo. Serotype Gold Coast isolates were found to be nontypeable by XbaI-PFGE, and a significant proportion of them were found to be plasmid free. A similar situation applies to a number of serotype Livingstone isolates which were nontypeable by plasmid profiling and/or PFGE. In summary, the serotype of the isolates has a considerable influence in deciding the best typing strategy; a single method cannot be relied upon for discriminating between strains, and a combination of typing methods allows further discrimination.
Detailed strain identification is essential for the successful epidemiological investigation of Salmonella enterica outbreaks. Investigations have relied traditionally on serological methods and antibiograms. Phage typing has been also used for strain differentiation, but it is only available for a limited number of serotypes. In contrast, modern typing methods are based on characterization of the genotype of the organism. The basic premise of these typing systems is that epidemiologically related isolates are derived from the clonal expansion of a single precursor and share characteristics that differ from those of epidemiologically unrelated isolates. The usefulness of a particular characteristic (phenotypic or genotypic) for typing is related to its stability within a strain and its diversity within the species, reflecting the evolutionary genetic diversity arising from random, nonlethal mutations over time. Such mutations can be detected if they are seen to occur within a restriction site that determines a DNA fingerprint (15) .
There is currently no "gold standard" typing system for Salmonella fingerprinting, particularly in the case of less commonly studied serotypes. Recent figures from the Salmonella surveillance program carried out at the Veterinary Laboratories Agency (MAFF) (7) indicated that Salmonella serotypes Derby, Mbandaka, Montevideo, Livingstone, and Senftenberg were among the 10 most prevalent serotypes isolated from farm animals in England and Wales in 1999. These serotypes have been found to be linked to human infection in previous reports. Serotype Derby has been found to be responsible for a number of human infections linked to meat (1, 5) ; serotype Mbandaka has been reported from cases of human infection in several countries (8, 19) , and egg-based products were found to be the most frequently contaminated food groups. Serotype Montevideo has been a recognized causative organism of spontaneous abortion in sheep and foxhounds (3) , as well as a cause of human infection linked with poor hygiene associated with food preparation (4, 25) . Serotype Livingstone has been isolated from both food products and humans (16, 17, 22) . Finally, serotype Gold Coast has also been identified in association with human infection (24) , and it was included in our study.
Plasmid profile analysis has been used as a rapid method and has shown some success in the discrimination of Salmonella strains for several of these serotypes (6, 9, 20, 24) . Also, previous studies conducted for serotype Enteritidis (11, 12) and serotype Montevideo (18) demonstrated the potential of ribotyping strain differentiation. Finally, pulsed-field gel electrophoresis (PFGE) has been widely used for Salmonella DNA fingerprinting (2, 13, 14, 26) . This study focuses on the assessment of molecular methods (plasmid profiling, PFGE, and ribotyping) for intraserotype strain differentiation. The methods were applied to some of the most prevalent Salmonella serotypes isolated from animals in England and Wales. These serotypes are of potential zoonotic relevance based on previous reports; however, they have not been subjected to such intensive epidemiological study as the more commonly encountered serotypes (serotype Enteritidis or serotype Typhimurium) and therefore have no widely accepted, standardized protocol for discrimination below serotype level.
MATERIALS AND METHODS
Salmonella isolates. Epidemiologically unrelated isolates from six different serotypes (serotype Derby, n ϭ 12; serotype Mbandaka, n ϭ 15; serotype Montevideo, n ϭ 14; serotype Gold Coast, n ϭ 15; serotype Senftenberg, n ϭ 14; serotype Livingstone, n ϭ 14) were selected to represent a diversity within each serotype based on antibiotic resistance, geographical site, and of date of isolation (1997, 1998, or 1999) . All the Salmonella cultures were serotyped according to standard protocols (21) . Isolates were screened for susceptibility to a panel of 16 antibiotics on Iso-Sensitest agar (catalog no. CM471; Oxoid, Basingstoke, Hampshire, United Kingdom) by a disk diffusion method (7) . The following disks (Oxoid) were used: amikacin (10 g), amoxicillin-clavulanic acid (30 g), ampicillin (10 g), apramycin (15 g), chloramphenicol (10 g), cefoperazone (30 g), cefuroxime (30 g), colistin (25 g), furazolidone (15 g), gentamicin (20 g), nalidixic acid (30 g), neomycin (10 g), streptomycin (25 g), sulfamethoxazole-trimethoprim (25 g), tetracycline (10 g) and triple sulfonamide (500 g). Organisms with a zone diameter of less than 13 mm were classified as resistant.
Plasmid analysis. Plasmid DNA was isolated by the alkaline lysis method as described before (10) . Samples were analyzed by electrophoresis in 1ϫ Trisborate-EDTA buffer at 150 V for 4 h on 0.8 and 1.5% agarose gels. The plasmid-containing strain Escherichia coli 39R861 and a supercoiled DNA ladder (Gibco BRL, Paisley, United Kingdom) were used to estimate plasmid sizes.
Restriction fragment length polymorphism analysis. Genomic DNA was extracted from approximately 200 mg (wet weight) of bacteria, and then restriction enzyme digests (PstI-SphI) of Salmonella DNAs were prepared and fractionated by electrophoresis as described previously (12) . Fractionated DNA was transferred to positively charged nylon membranes (Roche Molecular Biochemicals, Lewes, United Kingdom) using 0.4 mM NaOH in a vacuum blotting apparatus (Pharmacia Biotech, St. Albans, Hertsforshire, United Kingdom) connected to a variable pump set at 40 ϫ 10 5 Pa for 1 h. Membranes were rinsed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and air-dried before DNA was fixed to the membranes by cross-linking under UV light. Membranes were prehybridized for 4 h at 42°C in 20 ml of DIG Easy Hyb (Roche Molecular Biochemicals). Plasmid pKK3535 carrying the rrnB rRNA operon from E. coli was extracted using a QIAfilter plasmid Midi purification kit (Qiagen, Crawley, United Kingdom) and labeled with digoxigenin-11-dUTP by a random primed DNA labeling technique using the DIG-High prime kit (Roche Molecular Biochemicals). Probes were denatured by boiling and added to fresh hybridization fluid at 20 ng/ml; hybridizations were performed overnight at 42°C in a Hybaid oven. The presence of the labeled probe was detected using the alkaline phosphatase-conjugated antibody DNA detection kit (Roche Molecular Biochemicals) and the chemiluminescent substrate disodium 3-(4-methoxyspiro[1,2-dioxetane-3,2Ј-{5Ј-chloro}tricyclo[3.3.1.1 3, 7 ]decan]-4-yl) phenyl phosphate (CSPD) as recommended by the supplier. The images produced on X-ray film were computer analyzed using Gel Compar II software (version 1.01; Applied Maths, Kortrijk, Belgium). Molecular weights of the probed fragments were calculated by comparison with the external markers, and images from different gels were normalized accordingly. For the purposes of this study different PstI/SphI ribotypes (PS types) were allocated to strains when a genetic difference could be detected.
PFGE. A single colony of each Salmonella isolate was incubated overnight at 37°C in 3-ml amounts of Luria-Bertani broth with moderate shaking. Onemilliliter aliquots of the cultures were transferred into microcentrifuge tubes and washed twice with 1 ml of saline solution (0.85% [wt/vol] NaCl); finally cells were resuspended in 0.8 ml of saline solution and equilibrated at 40°C. This suspension was mixed in equal parts with molten 2% agarose (CleanCut; Bio-Rad, Hempstead, United Kingdom) and pipetted into disposable molds. Three of these agarose plugs were incubated overnight at 56°C in 2 ml of ES lysis buffer (0.5 M EDTA, 1% N-laurylsarcosine [Sigma, Poole, United Kingdom]) with proteinase K (Sigma) at a final concentration of 250 g/ml. The next morning the lysis buffer was replaced with fresh ES buffer-proteinase K solution, and this was followed by a second overnight incubation at 56°C. Thereafter, DNA-containingplugs were thoroughly washed in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8]) and stored at 4°C. Chromosomal DNA was digested with 30 U of XbaI (Promega, Southampton, United Kingdom), and PFGE was performed with a CHEF DRIII system (Bio-Rad) in 0.5ϫ Tris-borate-EDTA extended-range buffer (Bio-Rad) (130 mM Tris, 45 mM boric acid, 2.5 mM EDTA) with recirculation at 14°C. DNA macrorestriction fragments were resolved on 1% agarose gels (PFGE-certified agarose [Bio-Rad]), and a lambda ladder pulsed-field gel marker (New England BioLabs, Hitchin, United Kingdom) was used as the size standard. Pulse times were ramped from 5 to 60 s during a 48-h run at 5.1 V/cm. The preparation and digestion of DNA from a proportion of the strains were repeated, and samples were electrophoresed under the same conditions to assess the reproducibility of the method. Macrorestriction patterns were compared with the use of Gel Compar II software. The molecular weights of the restriction fragments were calculated by comparison with the external markers, and images were normalized accordingly. Different profiles were assigned to XbaI-PFGE types (X types) in accordance with differences in the restriction patterns. A difference of at least one restriction fragment in the patterns was considered to be the criterion for discriminating between different clones or strains.
RESULTS
Plasmid profiling. Table 1 shows the distribution of plasmid types for the isolates included in the study. The plasmid profile type comprised a numeral, indicating the number of plasmids observed, followed by a letter, corresponding to the order in which the type was encountered. Plasmid profiling of the 12 serotype Derby isolates produced 12 distinct types with one to six plasmids. Of the 15 serotype Mbandaka isolates subjected to plasmid profiling, 7 did not harbor plasmids and the remaining 8 isolates were differentiated into seven distinct types harboring one or two plasmids. Limited success was observed when the technique was applied to serotype Montevideo isolates: only 6 of the 14 isolates were shown to harbor plasmids, and six distinct profile types were observed among these, with one to three plasmids present. Of the 15 serotype Gold Coast isolates tested, 5 did not carry plasmids, and the remaining 10 isolates were differentiated into seven distinct types with one to three plasmids. Five of the 14 serotype Livingstone isolates studied did not harbor plasmids, and the remaining 9 isolates were differentiated into nine distinct profiles with one to five plasmids.
Types 1A, 1C, 1E, 2C, 1G, 1I, 2G, and 3C were present in isolates belonging to two or more of the serotypes in the study ( Table 2 ). All the remaining types were only found within specific serotypes. Table 2 shows the distribution of the different plasmids (molecular weights) for each plasmid profile encountered.
PstI-SphI ribotyping. Table 1 shows a summary of ribotypes determined for the isolates included in the study. This technique differentiated serotype Derby isolates into 10 different ribotypes (D-PS types), serotype Mbandaka isolates into 6 M-PS types, serotype Montevideo isolates into 4 Mo-PS types, serotype Gold Coast isolates into 9 G-PS types, serotype Senftenberg isolates into 8 S-PS types, and serotype Livingstone isolates into 8 L-PS types. Figure 1 represents a dendrogram with all ribotypes for the isolates included in the study. None of the patterns produced appeared in more than one serotype tested.
XbaI-PFGE. Table 1 shows a summary of PFGE types encountered for the isolates included in the study. This method successfully differentiated serotype Derby into 11 distinct profiles (X types), serotype Mbandaka into 13 X types, serotype Montevideo into 11 X types, and serotype Senftenberg into 11 X types. Serotype Gold Coast isolates were found to be nontypeable by this method, with no fragments produced for any isolate. Also, limited success was obtained when PFGE was applied to serotype Livingstone isolates, with 6 of 14 isolates producing no fragments, although the remaining 8 isolates where differentiated into 7 distinct profiles. Figure 2 represents a dendrogram with all PFGE types for the isolates included in the study. Combined types. The use of each of the typing methods identified different groups of clones. Therefore, the results could be combined to obtain an overall fingerprint type (Table  1) . With the combination of results described above, most of the unrelated isolates for all the serotypes included in this study were identified as a different clone (Table 1) . Two serotype Mbandaka isolates had an identical genetic fingerprint (strain M11), two serotype Montevideo isolates had an identical genetic fingerprint (strain Mo6), two serotype Gold Coast isolates had an identical genetic fingerprint (strain G7), and finally three serotype Gold Coast isolates had an identical genetic fingerprint (strain G5).
DISCUSSION
A collection of Salmonella isolates (n ϭ 84) representing commonly isolated serotypes in the United Kingdom was analyzed using three methods aimed at demonstrating polymorphisms in the plasmid and genomic DNA. The success of the three molecular methods in identifying polymorphisms was different for each serotype. Also, within serotypes, the types obtained by each of the methods did not coincide, and a combination of results allowed further discrimination.
Most of the serotypes from this study showed a degree of variation in plasmid number and molecular weight. However, the discriminatory power of the method was observed to vary between serotypes. Most plasmid profile types were shown to be serotype specific, with only some of them (1A, 1C, 1E, 1G, 1I, 2C, 2G, and 3C) being repeated in two or more serotypes. From all serotypes with the exception of serotype Derby, a number of strains did not carry plasmids and were nontypeable by plasmid profiling. This represents a serious limitation for the use of this typing method for some serotypes. This method was particularly useful for serotype Derby isolates, for which 
The numeral in the plasmid profile represents the number of plasmids in the strain. b The combined type assigned to the strains represents a combination of results from the different typing methods. c Isolates were resistant to the antibiotic(s) listed unless otherwise noted. Antibiotics: A, ampicillin; Ak, amikacin; Ap, apramycin; Ax, amoxicillin-clavulanic acid; C, chloramphenicol; Ce, cefoperazone; Ct, colistin; Cx, cefuroxine; F, furazolidine; G, gentamicin; Na, nalidixic acid; Ne, neomycin; S, streptomycin; Sf, sulfamethoxazole-trimethoprim; Su, compound sulfonamides; T, tetracycline. The classification sensitive indicates sensitivity to all antibiotics tested.
FIG. 1. Dendrogram generated by the Gel Compar II software showing the relationship of 45 representative fingerprints (PS types) for
Salmonella isolates from England (serotype Derby, n ϭ 12; serotype Mbandaka, n ϭ 15; serotype Montevideo, n ϭ 14; serotype Gold Coast, n ϭ 15; serotype Senftenberg, n ϭ 14; serotype Livingstone, n ϭ 14). The analysis of the bands generated was performed using the Dice coefficient and unweighted pair group method with arithmetic averages. , n ϭ 14) . The analysis of the bands generated was performed using the Dice coefficient and unweighted pair group method with arithmetic averages. each isolate presented a different plasmid profile. It also provided a good level of discrimination for serotype Senftenberg. Previous studies have found plasmid profiling to be of use in intraserotype differentiation (6, 20, 24) , although many of these were performed prior to the widespread implementation of the more advanced methods of PFGE and ribotyping. Few recently published articles involve the use of plasmid profiling as a stand-alone procedure. Although this and other studies show that plasmid profiling is not the most sensitive method, the technique does hold significant advantages, particularly the short time in which the procedure can be performed. The rapidity, combined with the relative simplicity of the procedure and basic apparatus required, makes it adequate as an initial procedure that may be used by laboratories which are less able to perform more complicated methods. The inherent mobility of the plasmid DNA suggests instability of the characteristic under scrutiny. This is a limitation which must be recognized in epidemiological research and has brought into question what can be regarded as a suitable plasmid profile for analysis. Some studies (6) regard the presence of a single, identical plasmid as sufficient proof that isolates are identical and therefore epidemiologically related. Other studies (15) suggest that numerous plasmids must be present and regard the presence of a single plasmid insufficient as representative of a clone. Results from this study show that plasmid profiling alone may not be sufficient to accurately identify clones.
Previous studies (11, 12) recognized that ribotyping with restriction endonucleases PstI and SphI provided good discrimination among strains of serotype Enteritidis, and this enzyme combination was therefore applied to the isolates under scrutiny in our own study. Also, PFGE with restriction endonuclease XbaI has been widely recognized as a sensitive method for molecular fingerprinting in several Salmonella serotypes (12, 13, 14, 26) . Fingerprinting of genomic DNA from the isolates subjected to study by ribotyping and PFGE produced a significant variation in results, depending on the serotype of the strain. Both PstI/SphI ribotyping and XbaI-PFGE provided a similar degree of strain differentiation for serotype Derby and serotype Senftenberg, only marginally lower than that achieved by plasmid profiling. Ribotyping was shown to be less sensitive than PFGE when applied to serotype Mbandaka or serotype Montevideo. Salmonella serovar Gold Coast isolates were found to be nontypeable by XbaI-PFGE, and a significant proportion of them were found to be plasmid free, a finding in common with a number of serotype Livingstone isolates that were nontypeable by plasmid profiling and/or PFGE. Data obtained by this study suggested that PstI/SphI ribotyping may be successfully used to demonstrate polymorphisms within these two serotypes and that a combination with plasmid profiling may give an appropriate level of discrimination.
In summary, pulsed-field gel electrophoresis gave better strain differentiation for serotypes Derby, Mbandaka, Montevideo, and Senftenberg than the other methods alone. Cluster analysis of the profiles obtained showed a clear serotype differentiation in separate clusters (Fig. 2) . Serotype Gold Coast and some isolates of serotype Livingstone were found to be nontypeable by this technique. In this study, no relationship between plasmid profile, PFGE type, and ribotype was identified, and a combination of results from the different methods provided a high degree of strain differentiation for all the serotypes included in the study.
Data produced by this study showed that for a majority of cases PFGE and ribotyping methods had enhanced discriminatory ability compared to plasmid profiling. While PFGE and ribotyping methods are more powerful, they are also considerably more time-consuming than plasmid profiling and require more advanced techniques and equipment. Many epidemiological typing studies have used PFGE as a basis of identification of clones in Salmonella. This method has been proven to be highly discriminatory when applied to some serotypes, although the criteria for analysis still appears to differ between studies. A recent study (23) suggested criteria for interpretation of PFGE data that were aimed to a very specific situation (discrete sets of isolates obtained during nosocomial infections spanning relatively short periods [1 to 3 months]) and that were never regarded to be the basis for universal interpretation of PFGE patterns. However, many workers have applied the former as universal criteria for restriction pattern interpretation. Standardization of protocols and methods for analysis would aid reproducibility between laboratories and aid the flow of epidemiological information. This "flow" can be improved by the implementation of image acquisition and analysis software (such as the Gel Compar II software utilized in this study). Software of this type would allow a degree of standardization between institutes with the subsequent implementation of a commonly recognized format for data.
The findings of this study, together with previously published studies, suggest that the serotype of the isolates may have a considerable influence in deciding the best typing strategy and that a single method cannot be relied upon for discriminating between strains. The most reliable and effective approach to fingerprinting of Salmonella for epidemiological investigations is a combination of methods. Such genetic information, used in conjunction with antibiotic resistance profiles, would help to detect the emergence of potential new strains by genetic variation and spread of antimicrobial resistance among existing strains. It is also important to remember that for the validation of any fingerprinting method it is essential to include good standard epidemiological information in the studies.
